The Oligocene-Miocene Horse Spring Formation consists of sedimentary strata that record the onset and evolution of Miocene extensional tectonics in the Lake Mead region. The sedimentary basins of this formation hold critical clues for evaluating and testing competing models that attempt to explain the tectonic evolution of this important part of the Basin and Range. Detailed sedimentology, stratigraphy, isotope geochem istry, and new geochronology of carbonates of the Horse Spring Formation shed light on the details of middle Miocene depositional systems and provide important paleoclimatic and paleotopographic data that further our understanding of the geological evolution of this area. We investigated four carbonate sections in detail, two from the Bitter Ridge Limestone Member (Slot Canyon section, near the Gale Hills, and the West Longwell section, at the Bitter Ridge), one from the Thumb Member (East Longwell section, near the Bitter Ridge), and one from the Rainbow Gardens Member (Rainbow Gardens Recreation Area section), to understand the evolution of carbonate lake systems, to extricate paleoclimatic from tectonic signals in the sedimentary record, and to develop a more clear picture of the evolution of Horse Spring sedimentary basins. New 40 Ar/ 39 Ar dates from the Bitter Ridge Limestone, combined with dates in the published literature, suggest that the Bitter Ridge Lake may have evolved timetransgressively from the White Basin area in the east to the Rainbow Gardens area in the west. Possibly contemporaneous with this evolution, the lake gradually shifted from an open to a closed lake system, most likely due to tectonic partitioning of the basin or the creation of a tectonic sill that cut off the overfl ow for the lake. Stable isotope and lithofacies analyses provide one of the fi rst detailed proxy records of paleoclimate for the Miocene of the Basin and Range and show strong evidence for an orbitally forced climate signal that represents changes in the precipitation/ evaporation ratio for the Bitter Ridge Lake system. Because we can effectively show a climatic signal in the Bitter Ridge Limestone units over 100 k.y. and, likely, 40 k.y. time cycles, longer time-scale shifts in iso topic ratios are more likely due to tectonic processes. Based on a strong negative shift in oxygen isotopic ratios, previous researchers have suggested that the Lake Mead region experienced an increase in paleoelevation during Horse Spring time, while the spe463-06 page 121
INTRODUCTION
The Lake Mead region is an important tectonic corridor in the central Basin and Range Province. It defi nes the boundary between two physiographic provinces, the Great Basin on the north and the Colorado River extensional corridor to the south (Fig. 1) . The rocks north of the area show evidence of Sevier-age, low-angle thrust faulting, whereas units to the south lack such evidence. This transition zone is also characterized by mainly Paleo zoic to Holocene sedimentary units north of the lake, whereas Paleozoic and Mesozoic crystalline rocks dominate in the south. This corridor shows some of the highest rates of extension in the Basin and Range Province (McQuarrie and Wernicke, 2005; Wernicke et al., 1988) .
The geology in this region is extremely complex and-unlike other parts of the Basin and Range-is dominated by a combination of large-offset, Cenozoic strike-slip faults and relatively high-angle normal faults that crosscut and deform older Mesozoic thrust-related features. Çakir et al. (1998) argued that the strike-slip faults are comparable in scale to much larger strikeslip systems like the San Andreas fault. Anderson and Bohannon (1993) and Anderson (2002) suggested that, in essence, these transform structures are the mechanism by which northern Nevada is gravitationally sliding southward, forcing tectonic escape as recorded in the Lake Mead region. Duebendorfer et al. (1998) suggested that tectonics in this region are more akin to that of the Colorado River extensional corridor, with extension accommodated by low-angle detachments, and strike-slip faults play a more passive role and do not necessarily accommodate large amounts of strain. Thus, many studies have focused on the structural aspects of the region to begin to explain its tectonic evolution (Lamb et al., 2005; Anderson and Beard, this volume) .
The sedimentary fi ll of the basins formed during Cenozoic extension should provide important evidence to constrain these tectonic models, yet few studies bring the methods of sedimentary basin analysis to bear on these problems (Beard, 1996; Lamb et al., 2005) . The Oligocene-Miocene Horse Spring Formation (Figs. 2 and 3) comprises a large portion of this fi ll and records both the onset and development of the major phase of extension. An understanding of the extent, original geometry, and environment of deposition of the Horse Spring Formation is key to testing many of the tectonic models posed to date. Detailed stratigraphic studies of this formation can yield important evidence on the nature of the initial faulting and basin geometries, as well as subsequent faulting and the dismemberment of those basins. Through detailed sedimentological and geochemical studies of the Horse Spring Formation, we hope to develop a clearer model of basin tectonics in this important part of the Basin and Range extensional province.
Tectonic models based on observations of the sedimentary record may be confounded by paleoclimatic signals, and it is vital to attempt to extricate these signals where possible. Furthermore, paleoclimatic signals can shed light on the tectonic evolution of sedimentary basins (Horton and Chamberlain, 2006; Chamberlain, 2001, 2002) . There are no detailed proxy records of paleoclimate for the southern Basin and Range for the Oligocene-Miocene period. The Horse Spring Formation represents signifi cant lacustrine and other authigenic carbonate accumulations that can shed light on the paleoclimatic evolution of this region and that can be used to evaluate the relative roles of tectonics and climate in shaping the basin fi ll.
The Horse Spring Formation is composed of four members (Fig. 3) . The Rainbow Gardens and Thumb Members are the oldest and contain a mix of siliciclastic, evaporitic, and carbonate facies. The Rainbow Gardens Member ranges in age from ca. 26 to 16 Ma (Beard, 1996; Lamb et al., this volume) and the Thumb Member ranges from ca. 16.5 to 14 Ma (Beard, 1996; Bohannon, 1984; . These lower members record deposition in lacustrine, fl uvial, and alluvial-fan settings. The Bitter Ridge Limestone Member of the Horse Spring Formation ranges in age from ca. 14.5 to 13 Ma and records the formation of a relatively large, long-lived, lake basin (Bohannon, 1984; Castor, 1993) . The youngest member, the Lovell Wash Member, ranges in age from ca. 13 to 12 Ma and contains predominantly siliciclastic and marl facies representing primarily fl uvial and lacustrine deposition (Bohannon, 1984) . The main focus of this study is the Bitter Ridge Limestone Member. We investigated sections from the Rainbow Gardens and Thumb Members for comparative purposes.
Few studies focus on the Bitter Ridge Limestone (Bohannon , 1984; Çakir et al., 1998; Castor, 1993) , and these have mainly emphasized its economic signifi cance and structural features; none includes a systematic sedimentological or stratigraphic analysis of its depositional systems or evolution. The Bitter remainder of the central Basin and Range to the north experienced a decrease in elevation for the same time period. Our data, when compared with data from the Pliocene Hualapai Limestone and those presented by previous researchers, appear to constrain the timing of this isotopic shift to between 15 and 13 Ma, coincident with the timing of the onset of rapid extension in this part of the Basin and Range. We hypothesize that this isotopic shift was due not to a change in paleoelevation due to magmatic activity alone, but was infl uenced by either (1) longer travel distances of air masses and the development of increased topographic corrugation as the Lake Mead region experienced accelerated rates of extension or (2) drainage reorganization of the early Colorado Plateau and the infusion of isotopically lighter waters from this emergent source.
Ridge Limestone differs from the carbonates of the Rainbow Gardens and Thumb Members because it encompasses all of the following qualities:
(1) It has large lateral extent across an area that records important aspects of Basin and Range extension ( Formation, as much as 375 m in places (Bohannon, 1984) . (5) It is strikingly well-exposed throughout its outcrop belt.
As a result, the Bitter Ridge Limestone should provide important insights into basin evolution and tectonics in this key part of the Basin and Range, the geochemical evolution of fossil lakes, Miocene paleoclimate in the southern Basin and Range, and geochemical signatures of microbial communities in carbonate-rich playa lake settings.
The Bitter Ridge Limestone ranges in total thickness from 150 to >350 m (Bohannon, 1984; Castor, 1993) . It crops out from the White Basin near the Longwell Ridges, west to the Gale Hills and California Wash, and to the south in the Rainbow Gardens Recreation Area just east of Las Vegas (Fig. 2) . Bohannon (1984) provided the fi rst systematic description of the Bitter Ridge Limestone, but given the large lateral extent of the member, it was by necessity presented at the reconnaissance level. Nevertheless, his work provides some important limits on Bitter Ridge Limestone sedimentation. He noted that, in its western extents in the northern Gale Hills and California Wash, the Bitter Ridge Limestone rests in depositional contact on Paleozoic rocks beyond the depositional limits of the Thumb and Rainbow Gardens Members. Furthermore, he points out that the Bitter Ridge Limestone in the vicinity of the Rainbow Gardens Area (Fig. 2) is composed of very different facies from elsewhere in its outcrop belt, being a mixed carbonate and siliciclastic sequence in this area. Signifi cantly, this is the only large outcrop of the Bitter Ridge Limestone south of the Las Vegas Valley shear zone (Fig. 1) . Castor (1993) subdivided the Bitter Ridge Limestone into three parts based on detailed mapping and a section from the Lovell Wash area (Fig. 3) : a lower, granular limestone; a sequence of siliciclastic red beds; and the "Anniversary Mine" limestone, characterized by relatively common, "eggshell" stromatolite beds. He traced the lower granular limestone and red beds northeastward to the White Basin and noted that the Anniversary Mine limestone pinched out eastward and was absent in the White Basin. He observed that the Bitter Ridge Limestone appears to thin stratigraphically from the Lovell Wash to the White Basin area. His 1:24,000 scale map provides considerable context for this study. The Bitter Ridge Limestone, in the Lovell Wash area, also consists of a conglomeratic lithofacies that grades laterally over a very short distance into limestones (Bohannon, 1984; Çakir et al., 1998) .
The age of the Bitter Ridge Limestone is reasonably well constrained. provided an age of 13.07 ± 0.08 Ma from Bitter Ridge Limestone outcrops south of the Las Vegas Valley shear zone, in the Rainbow Gardens Recreational Area (Fig. 2) . Çakir et al. (1998) Figure 3 . Simplifi ed stratigraphic column of the Horse Spring Formation (after Fryxell and Duebendorfer, 2005) . Thicknesses are from Bohannon (1984) . AFT-apatite fi ssion track. results presented here due to their proximity to Bitter Ridge Limestone outcrops that we have analyzed in detail. These dates all derive from biotite grains in volcanic tuffs (Aydin, 2005, personal commun.) , which provide less reliable ages than sanidines from the same sample (Terry Spell, University of Nevada, Nevada Isotope Geochronology Laboratory, 2005, personal commun.; Smith et al., 2008) . In addition, we have found that biotites yield generally older ages than sanidines taken from the same sample, and this seems to be generally true for tuffs throughout the region (Beard, 2009, personal commun.) . Aydin (2005, personal commun.) showed that the older age of 13.5 Ma derives from a sample taken from Thumb Member units south of the left-lateral Bitter Spring Valley fault (Fig. 1) , in a fault block that contains no Bitter Ridge Limestone units. This is an anomalously young age for the Thumb Member, and we suspect that the sample may have come from clastic facies that are lateral equivalents of the Bitter Ridge Limestone or that there is considerable imprecision in this date. This age derives from a total fusion age on biotite in a tuff, rather than the better-constrained plateau or isochron ages. As a result, this date very poorly constrains the age of the base of the Bitter Ridge Limestone. The younger age of 13.2 Ma is also suspect because (1) it comes from a tuff from the Lovell Wash Member that lies signifi cantly above the top of the Bitter Ridge Limestone, so it is not in stratigraphic proximity to the top of the Bitter Ridge Limestone; (2) the isochron age for the stratigraphically lowest sample in the Lovell Wash Member provided by Aydin (2005, personal commun.) is 13.5 ± 0.3 Ma, suggesting that the 13.2 Ma age lies at the low end of the error in their date; and (3) it is from a biotite, rather than a sanidine. Lamb et al. (2005) presented a date of 14.32 ± 0.10 Ma on sanidine from a vitric tuff from near the base of the Bitter Ridge Limestone in the West Longwell area, implying a somewhat older age for the unit in its type locality.
Both Bohannon (1984) and Castor (1993) interpreted the Bitter Ridge Limestone carbonate lithofacies as lacustrine in origin. The presence of numerous evaporitic units, evidence for desiccation in the carbonates, and association with fl uvial siliciclastics led both of these authors to an interpretation of a shallow playa lake system. Çakir et al. (1998) , who focused on the southern contact of the Bitter Ridge Limestone in the Callville Bay inter action zone (Fig. 1) , suggested that the Bitter Ridge Limestone was a large lake basin that has since been inverted due to north-south compression. They emphasized the inter fi nger ing contact with conglomerates noted by Bohannon (1984) in the Lovell Wash area and interpreted this important outcrop as lying near the southern margin of the Bitter Ridge Limestone lake system. Their work, however, was predominantly structural and provided few stratigraphic data.
In this paper, we principally report on the lower, thick, "granular" limestone unit of the Bitter Ridge Limestone Member (Castor, 1993) in two localities in an effort to illuminate the sedimentology of this lake system, lateral facies relationships, and implications for Miocene climate and transtensional tectonic processes . These localities were compared with older, lower Horse Spring Formation carbonate units in an effort to clarify the ways in which the lacustrine depositional systems may have evolved during the Miocene. In this paper, we report new lithostratigraphic analyses, radiometric age data, and stable isotope geochemistry for the Bitter Ridge Limestone from its type locality at the Bitter Ridge, near the White Basin, and from a near-100% exposure in the Lovell Wash area (Fig. 2) . In addition to providing a deeper understanding of the Bitter Ridge Limestone, these data help to shed light on middle Miocene paleoclimate and tectonics in the Lake Mead region.
METHODS
We characterized lithofacies and conducted detailed stable isotope sampling transects through four Horse Spring Formation carbonate sequences, two from the Bitter Ridge Limestone Member (Slot Canyon and West Longwell, Fig. 2) , one from the Rainbow Gardens Member (Rainbow Gardens Recreation Area, Fig. 2 ), and one from the Thumb Member (East Longwell, At the East Longwell section, we collected 53 samples through Thumb Member age carbonates. These were taken from two closely spaced measured sections, and there was some stratigraphic overlap between them. As a result, the East Longwell Thumb section is best characterized by a vertical sequence of 35 samples through ~200 m of section. Most of these samples derive from crinkly laminated limestones, but some are oncolitic.
We collected 19 carbonate samples from the Rainbow Gardens section, sampling across the Rainbow Gardens-Thumb disconformity noted by Beard (1996) . As a result, most of these samples derive from pedogenically altered limestones and sandy limestones that likely formed in a palustrine environment. This suggests that their isotopic signature could be infl uenced by their different depositional setting.
We chose a subset of nine samples to analyze petrographically, in order to characterize the microfacies of the Bitter Ridge Limestone and Thumb carbonates and to ascertain whether the samples had experienced signifi cant diagenetic overprinting. In addition, we randomly selected three hand samples-two from crinkly laminated limestones and one from an oncolitic to crinkly laminated facies-to use for the determination of within-sample variation of isotopic ratios and to qualitatively ascertain the degree to which these samples may have been diagenetically altered.
We followed sampling techniques comparable to those used in the published literature for stable isotopic sampling of similar carbonate rocks (Arenas et al., 1997; de Wet et al., 2002) . We extracted ~0.1 g aliquots of limestone powders by using a fi ne-tipped grinding tool on fresh, cut-rock faces. In most cases, grinding crossed lamina boundaries within samples, resulting in a sample that integrated isotopic variation across lamina. We avoided sampling portions of the rock that appeared iron-stained and altered. These samples were sent to the University of Minnesota Stable Isotope Laboratory, where they were analyzed for oxygen and carbon isotopic ratios (relative to Vienna Peedee belem nite [VPDB]) on a Finnigan MAT 252 mass spectrometer with Kiel device using standard procedures.
The three stratigraphic sections from the Bitter Ridge Limestone and Thumb Members are characterized by intervals of numerous, somewhat altered ashes. We sampled nearly all of these volcanic units for subsequent 40 Ar/
39
Ar dating and geochemical fi ngerprinting (see Lamb et al. [this volume] for a discussion of this technique, sampling localities, and geochronological results for the lower Horse Spring Formation ashes). The Rainbow Gardens section is notably lacking in ashes.
RESULTS

Lithofacies and Interpretation
Castor (1993) recognized a very limited range of lithofacies in the Lovell Wash area, including the "eggshell" stromatolites of the Anniversary Mine limestone and the mudstones and sandstones of the Bitter Ridge Limestone red bed units. Our study does not encompass these units; instead, we focused on a more detailed lithofacies characterization of the "granular limestone" unit of Castor (1993) , which makes up the bulk of the thickness of the Bitter Ridge Limestone. We delineate 10 lithofacies in the Slot Canyon and West Longwell sections (Table 1; Fig. 4 ), seven of which are carbonates. Most of these lithofacies are defi ned based on the near 100% exposure of the Bitter Ridge Limestone in the Slot Canyon section (Figs. 3 and 5) . The West Longwell section is not as well exposed but is similarly dominated by crinkly laminated limestones (Table 1) .
Microbialite Facies Group
Three lithofacies are a variant on some type of laminated limestone and collectively comprise 78.6% of the Slot Canyon section (Table 1 ; Fig. 5 ). In general, laminae range from millimeter-scale and nearly fl at (0.6% of the section) to centimeter-scale and stromatolitic (78% of the section). None of these units shows classic domal or digitate stromatolitic structures, and they are instead dominated by layering that lies subparallel to bedding, and they are stratiform and undulatory (sensu Freytet and Plaziat, 1982; Tucker et al., 1990; Fig. 4) . About 10% of this lithofacies shows minor secondary modifi cation by fenestral porosity, with thin (1-3 cm) interbeds of fenestral limestone and microbialite (see following). In thin section, these units show peloidal and micritic textures. Laminae are mainly defi ned, on outcrop, by submillimeter-scale darkened layers that may be iron enriched. These units also contain abundant silt-sized to very fi ne sand-sized quartz grains that vary in abundance between laminae.
The laminated limestones of the Bitter Ridge Limestone almost certainly are microbial in origin. They share all of the characteristics of "algal" limestones formed in microbial mat communities (Freytet and Plaziat, 1982; Freytet and Verrecchia , 2002; Tucker et al., 1990) . Freytet and Verrecchia (2002) ascribed much of the laminar structure to periodic carbonate precipitation and alternation of wet and dry exposure. The range of laminar fabrics encountered in these units, from planar-laminated to stromatolitic, may represent different microbial mat communities and/or slight variations in the depositional environment. 
Crinkly laminated limestone
Millimeter to centimeter scale, irregularly laminated limestone with minor stromatolitic textures.
67.4
Crinkly laminated limestone, fenestral
Thin beds (1-3 cm) of millimeter-to centimeter-scale, irregularly laminated limestone with minor stromatolitic textures; laminae are modifi ed by fenestral porosity.
Fenestral facies 18.6 Fenestral limestone
5-10-cm-thick beds of limestone with pervasive fenestral porosity.
Bipartite fenestral beds
10-30 cm beds of limestone with basal half to third either massive or crinkly laminated; the upper portion contains pervasive fenestral porosity.
5.7
Massive limestone Thick beds (0.5-1 m) of structureless limestone, apparently micritic in hand specimens. Fenestral lithofacies and teepee structures are plotted as presence or absence (black dots-presence). Vertical isotopic trends are plotted for comparison. Gray horizontal bars highlight periods of high precipitation/evaporation ratios and may refl ect wetter climatic periods. VPDB-Vienna Peedee belemnite.
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Fenestral Facies Group
The next most abundant group of lithofacies is those characterized by fenestral porosity. These secondary sedimentary structures modify elements of other lithofacies as well (Table 1; Figs. 4 and 5). Comprising 18.6% of the section, these facies may show crinkly lamination, and the fenestrae occur within laminae (laminoid fenestral porosity). In other cases, fenestrae are so pervasive as to obliterate all traces of earlier structures (irregular fenestral porosity). A unique subfacies type is the medium-bedded, bipartite beds with a basal, nonporous, massive or laminated unit and an upper portion that contains pervasive fenestral porosity (Fig. 4F) .
Fenestrae are most often associated with carbonate facies that are subject to periodic subaerial exposure. In the marine realm, they would most commonly occur in upper intertidal and supratidal zones and are often associated with stromatolites and microbial mats (Tucker et al., 1990) . Fenestrae have been ascribed both to processes of desiccation and gas production within the microbial mat community; they also may form as a result of the complex morphology of the microbial community itself, which typically has a very open framework structure that allows fl uids to pass through freely (Konhauser and Bertola, 2007) . In general, we interpret the fenestrae of the Bitter Ridge Limestone to be associated with all of these processes, perhaps simultaneously. The fenestral porosity in the Bitter Ridge Limestone can make up >60% of the rock in some cases and tends to occur near the tops of thin to medium beds. The "bipartite beds" show this segregation of fenestrae most dramatically. This suggests that these fenestrae are mainly the product of gas production within the microbial mat, where gas bubbles rose upward and became trapped beneath a subaerially exposed, rubbery mat of extrapolymeric substances (EPS) or "felt" (sensu Freytet and Plaziat, 1982) .
Other Lithofacies
The remaining section is characterized by a mix of carbonate, siliciclastic, and volcanic facies that occur in relatively small proportions (Table 1 ; Fig. 5 ). Massive and thick-bedded limestone beds occasionally show relict hummocky relief on the order of 20-40 cm. These rare beds do not show evidence of desiccation or microbial activity and, based on their wavy upper contacts, suggest that they may have been deposited as subaqueous bioherms or deeper-water shoals. Siliciclastic muds comprise a small percentage of the section thickness but occur throughout (Fig. 5 ). These units represent brief periods of siliciclastic input. Typically greenish, altered volcanic ashes serve as important time stratigraphic markers and have provided 40 Ar/ 39 Ar ages that have been critical to understanding the age of the Bitter Ridge Limestone. Figure 5 shows the vertical variation in several key lithofacies types for the Slot Canyon section. In addition, we plotted the presence of fenestral beds by aggregating all beds that contain fenestral porosity. This fi gure shows that the vertical trend in lithofacies is far from uniform and sheds considerable light on the details of carbonate sedimentation within the granular limestone of Castor (1993) . These details will be discussed later herein.
Diagenetic Alteration
A signifi cant concern with respect to stable isotopic analyses of carbonates lies in the potential for diagenetic overprinting of the isotopic signal, leading to erroneous isotopic results (for a review, see Flugel, 2004) . As mentioned already, we made an effort to sample only from portions of the rock that showed no external evidence for alteration, including iron staining and alteration along fractures. Furthermore, all of our samples preserved fi ne-scale primary laminae, suggesting that wholesale alteration did not obliterate these textures. It is possible, however, that our samples were more generally overprinted by burial diagenesis.
Thin section analysis shows that, for the subset of samples we selected for petrography, there is no strong petrographic evidence for wholesale alteration or replacement. Most samples show a fi nely granular or peloidal to micritic texture. We used a scanning electron microscope (SEM) with an energy-dispersive X-ray detector on a small subset of samples to search for mineral phases that might suggest alteration (high-Mg calcite or dolomite) and found none. Most of the carbonate appears to be primary in origin.
Perhaps more importantly, we see no strong evidence from the isotopic data themselves to suggest wholesale alteration. We performed two detailed (millimeter-scale) sampling transects on microbial laminite facies carbonates, sampling successive, alternating light and dark laminae (Table 2; Figs. 6 and 7). Both of these transects show systematic and statistically signifi cant (outside of the measurement error of 0.1‰) isotopic variation between light and dark laminae (Fig. 7) . The isotopic signature is varve-like across most of these sampling transects. We argue that, if these rocks had been diagenetically overprinted, this fi ne-scale isotopic variation would not have been preserved. Alternatively, these rocks may have been altered, but the relative isotopic signals have been preserved. Ar ages from these ashes from the West Longwell section and from the White Basin, in concert with new dates from the upper portion of the Thumb Member (see Lamb et al., this volume) , help to better constrain the age of the Bitter Ridge Limestone. We dated an ash from ~36 m above the base of the fi rst, thick limestone bed exposed in the West Longwell section (Fig. 8 , sample 04-BS-416A), and it yielded a sanidine age of 14.32 ± 0.1 Ma (Lamb et al., 2005) . A second ash sampled from near the top of the granular limestone (as mapped by Castor, 1993 ) from within the White Basin provided an additional sanidine age of 13.81 ± 0.20 Ma (Fig. 8 , sample 05-BS-35). The fi rst of these ashes is in a measured stratigraphic section, and its location is very fi rmly pinpointed (Lamb et al., 2005) . The stratigraphic position of the second ash is less well constrained. We fi eld-checked Castor's (1993) mapping and feel confi dent that this younger ash derives from near the top of the carbonate package exposed in the White Basin area.
Oxygen and Carbon Isotopes
High-resolution stratigraphic sampling through the Bitter Ridge Limestone, Thumb, and Rainbow Gardens carbonates provides insight into the stratigraphic and temporal variation in isotopic signatures of these units. The Slot Canyon section of the Bitter Ridge Limestone, in particular, provides a high-resolution isotopic record that is the fi rst of its kind for the Miocene in this region (Table 2; Figs. 5 and 9).
The most distinctive feature of the stratigraphic isotopic trend in the Slot Canyon section is that both oxygen and carbon isotopic values show a low-amplitude fl uctuation in the lower 60 m of the section; above this interval, both isotopes show higher-amplitude variation. Furthermore, there appears to be less correlation between oxygen and carbon isotopic values over the lower quarter of the section, but this correlation appears to improve upward (Fig. 9) . This upward increase in correlation is confi rmed when plotted as the correlation coeffi cient calculated over averaged windows of various sizes (N = 20 and 25 samples; section. The correlation between these isotopic values exceeds r = 0.8 but drops below 0.7 near the top of the section. Due to lower sampling densities for the West Longwell section, vertical trends are not as well constrained (Fig. 9) . Similar to the Slot Canyon section, there is an increasing trend in both oxygen and carbon isotopes, and both curves show comparable sawtooth patterns. Overall, there is a fairly high degree of correlation between isotopic values (r = 0.61).
Finally, Thumb and Rainbow Gardens Members samples are signifi cantly more enriched with respect to δ (Fig. 9 ). Thumb and Rainbow Gardens Member carbonates have a greater range in δ 13 C values than Bitter Ridge Limestone rocks (Fig. 9) .
DISCUSSION
Comparison of Bitter Ridge Limestone Isotopic Curves to Orbitally Induced Changes in Insolation
The isotopic record from the Slot Canyon section shows both a low-frequency, high-amplitude and high-frequency, moderate-amplitude variation (Fig. 9) . These superimposed, quasi-cyclic isotopic trends suggest comparable changes in Bitter Ridge Limestone lake precipitation/evaporation ratios (Carroll and Bohacs, 1999) , as recorded by the oxygen isotopic signal, and primary productivity, as recorded by the carbon isotopic signal. We speculate that this cyclic behavior may be induced by orbitally forced changes in solar insolation (Milankovitch cycles). In particular, the longer-wavelength cycles are particularly clear and may correspond to ~100 k.y. orbital cycles. If this is the case, it may be possible to tune the Bitter Ridge Limestone carbonate isotopic record to predicted changes in solar insolation (Aziz et al., 2003 (Aziz et al., , 2004 Hilgen et al., 1995) .
To better show that the Bitter Ridge Limestone isotopic record may be orbitally forced, we needed at least one relatively well-constrained date for the Slot Canyon section that could serve as a "golden spike" for comparisons with predicted insolation curves (Laskar et al., 2004) . We were able to tentatively correlate the West Longwell isotopic curve with the Slot Canyon curve and thereby bring one of our 40 Ar/ 39 Ar ages from this section into the Slot Canyon section (Figs. 9 and 11) . Using linear interpolation, we resampled both the West Longwell and Slot Canyon sections to a 2 m spacing. This allowed us to statistically curve-match those portions of the Slot Canyon isotopic curves that correlated most strongly with the West Longwell isotopic curves. We chose to correlate the two curves where the correlation coeffi cients for both the oxygen and carbon isotopic curve were highest (Fig. 9) . This allowed us to place an age of 14.32 Ma ~65 m above the base of the Slot Canyon section (Fig. 11) .
Using this single, estimated age for the Slot Canyon section, we visually compared the oxygen isotopic curve with the predicted solar insolation curves from Laskar et al. (2004;  termed La2004 hereafter) and the marine isotopic record of Zachos et al. (2001) for the same time period. In this analysis, we emphasized the oxygen isotopic curve because, we argue, it refl ects changes in precipitation/evaporation (P/E) ratios that can be more directly linked to orbitally induced changes in solar insolation (warming-decreased P/E ratio; cooling-increased P/E ratio). In general, the smoothed isotopic curve showed a remarkably similar pattern to the La2004 insolation curve (Fig. 11) for the time period between ca. 13.88 and ca. 14.40 Ma. The corresponding correlation between our isotopic data and the Zachos et al. (2001) curve covers the time interval 13.3-14.42 Ma. 
Ma tuff
These comparisons are, for the time being, very tentative because (1) the La2004 curve, which shows the highest degree of possible correlation, is a theoretical construct that is not based on actual observations of paleoclimate; (2) the correlation to observed paleoclimate data (Zachos et al., 2001 ) is not as strong; (3) 40 Ar/
39
Ar ages are not well calibrated to the geological time scale, which is based on U-Pb ages, resulting in ~1% error (~140 ka; Renne et al., 2005) ; and (4) these ages would signifi cantly contradict those presented by Çakir et al. (1998) ; new 40 Ar/
Ar dates for this section are expected in the near future. However, this preliminary analysis does suggest that the large-amplitude, longer-wavelength cycles in the oxygen isotopic record are on the order of 100,000 yr and correspond to the eccentricity orbital signal. The higher-frequency, loweramplitude isotopic fl uctuations may represent ~40,000 yr precession cycles, but the resolution of our data is insuffi cient to detect these higher-frequency cyclic patterns. We interpret both of these cyclic patterns to be orbitally (and, therefore, climatically) forced. Clearly, better chronostratigraphic control might lead to a more solid interpretation of the role of orbital forcing on these isotopic trends and a more precisely tuned isotopic curve for the Bitter Ridge Limestone.
This analysis also may allow us to begin to separate tectonic from climatic signals in the isotopic data. The Bitter Ridge Limestone in this area appears to have been deposited over an interval of between 540-770 k.y. Tectonic processes operate over these longer time scales. As a result, if we detect sedimentological and isotopic changes over the entire Bitter Ridge Limestone sequence that appear to be unaffected by variations in solar insolation, these signals may more likely be tectonic in origin than climatic. We discuss this aspect of the isotopic record in the following sections.
If this preliminary analysis is correct, this would be one of the fi rst continental isotopic records from the southwestern United States to show orbitally forced climatic signals from the Miocene. Furthermore, this analysis holds promise for placing high-resolution chronostratigraphic control on the Bitter Ridge Limestone in the future.
Paleolimnology of the Bitter Ridge Limestone Lake System
The relatively restricted number and types of carbonate lithofacies in the Bitter Ridge Limestone suggest that depositional conditions varied over a narrow range. The upper Thumb Member and the lower Lovell Wash Member of the Horse Spring Formation-which bracket the Bitter Ridge Limestone below and above-are dominated completely by continental facies of fl uvial and fl uvio-lacustrine origin (Lamb et al., 2005, this volume; Castor, 1993; Bohannon, 1984) . The lithologies of the Bitter Ridge Limestone itself are common in lacustrine carbonate sequences worldwide (Reading, 1996; Tucker et al., 1990) .
Limestones are dominated by microbial laminites, which form in the photic zone in relatively shallow waters around the lake margin. In the lower portions of the Slot Canyon section, a number of more massive beds, which show a meter-scale, moundlike bedding geometry, may represent the deposits of bioherms or deeper-water shoals, but these units were not investigated in detail to ascertain their microfacies or details of their sedimentation. Passing upward through the Slot Canyon section, microbial laminites become the single dominant facies. These units show 0.5-1 m horizontal-scale teepee structures, but these are rare in the lower parts of the sequence.
Teepee structures generally occur in greatest concentrations coincident with those portions of the Slot Canyon section that have the highest concentration of fenestral beds (Fig. 5) and where the isotopic trend suggests higher precipitation/evaporation ratios (generally wetter conditions). These structures are also more prevalent in the upper two-thirds of the section, and their scale appears to increase upward until very large, 3-5 m horizontalscale and 0.5-1.4 m vertical-scale teepees become more prevalent near the top of the section (also noted by Bohannon [1984] in the White Basin, and by Castor [1993] in the Lovell Wash area). Teepee structures imply a paleohydrological regime characterized by early cementation of the carbonate substrate and seasonal fl uctuations in the water table, leading to the polygonal deformation of the carbonates by resurgent groundwater (Warren, 1983; Tucker et al., 1990) . These tepees are relatively common in evaporative salina settings (Warren, 1983) and are strong indicators of seasonal wetting and drying of the lacustrine environment. Their spe463-06 page 138 coincident occurrence during somewhat wetter intervals may suggest that they signal a rising water table following periods of more pronounced aridity. Throughout the upper two-thirds of the section, we encounter numerous microbial laminites that make up the base of 10-20-cm-thick beds, the upper halves of which are characterized by a spongy, frothy, porous fabric of pervasive fenestrae (the "bipartite bed" facies). These fenestrae were formed due to the release of gases from decomposing organic matter in the microbial mat, possibly in the form of methane from sulfatereducing bacteria in the mat or CO 2 expelled during oxidation reactions. The upper portions of the mat, bound together by rubbery biofi lms of EPS (extracellular polymeric substances), trapped these gases in the form of bubbles in the mat that were subsequently lithifi ed, most likely by early carbonate cementation. These relatively common, bipartite beds (with an unaltered microbial or massive base and a pervasively fenestral top) imply a change in the redox state of the Bitter Ridge Limestone lake and likely also support periods of desiccation and oxidation of the microbial mat during brief times of subaerial exposure.
The more poorly exposed West Longwell section is dominated by punky weathering microbial laminites. These units are typically more oxidized than comparable facies to the west in the Slot Canyon section and sometimes have a marl-like texture, particularly toward the top of this section. This may indicate a relative increase in siliciclastic clay input into the Bitter Ridge Limestone lake system in the east that is absent in the west.
Trends in lithofacies suggest that the Bitter Ridge Limestone lake system evolved from a shallow lake with perennial standing water to an ephemeral lake with episodes of desiccation and a strongly fl uctuating water table (as evidenced by the presence of tepee structures up section). Our isotopic data further support this interpretation and may point toward a causal mechanism for this shift.
Recall that we detected an upward increase in the correlation between oxygen and carbon isotopic values over the entire Slot Canyon section, from correlation coeffi cients near 0.2 to over 0.8 (Fig. 10) . Talbot (1990) , analyzing mainly modern and ancient lake systems (but not fossil lakes, like the Bitter Ridge Limestone), related low isotopic correlation with well-mixed, short-residence-time open lakes; correlation coeffi cients in excess of 0.7 were strongly suggestive of closed lake systems that had relatively long chemical residence times. Our isotopic data, therefore, appear to record the evolution of the Bitter Ridge Limestone lake from an open to a closed lake system. The lithofacies of the Bitter Ridge Limestone-dominated by microbial laminites, pervasively disturbed by fenestral porosity and teepee structures, and lacking nearly any fauna-suggest that the Bitter Ridge Limestone lake system was almost always saline and was never a large, truly "open" lake; instead, it may have evolved from a larger to smaller closed lake. This evolution could be accommodated in one of two ways: either an increase in evaporation due to an overall climatic warming trend or via tectonic processes. There is no evidence from the isotopic data or our comparison with the La2004 insolation model that the time period of Bitter Ridge Limestone depo sition was characterized by systematic warming. On the contrary, our oxygen isotopic data suggest that climate fl uctuated on typical, orbitally induced time scales and that there was no systematic, overall trend in the data suggesting increases or declines in evaporation. Furthermore, the upward increase in oxy gen and carbon isotopic correlation occurs over time scales of hundreds of thousands of years and bridges climatically induced isotopic fl uctuations; these time scales are commensurate with tectonic processes. As a result, we do not favor an interpretation of the systematic desiccation of the Bitter Ridge Limestone lake as being directly climatically forced. Instead, we argue that tectonics may have induced local climate variations that led to this desiccation.
Our new ages, combined with previously published ages of the Bitter Ridge Limestone (Çakir et al., 1998; , lead to a more nuanced picture of the lithologic and isotopic evolution of the Bitter Ridge Limestone. We bracket its age between 13.8 and ca. 14.4 Ma in the Bitter Spring ValleyWhite Basin area, the type locality (Bohannon, 1984) . Further to the west, in the Callville Bay interaction zone, Çakir et al. (1998) placed its age between 13.2 and 13.5 Ma, signifi cantly younger than in the White Basin, but as noted previously herein, these dates are suspect. , at the westernmost extent of the Bitter Ridge Limestone outcrop in the Frenchman Mountain area, provides a single age that is even younger still (13.07 ± 0.08 Ma).
If we tentatively accept the ages presented by Çakir et al. (1998) and , the spatial sequence of ages for the Bitter Ridge Limestone implies that it is time-transgressive to the west, where the basin began to form at ca. 14.4-14.5 in the White Basin area and shifted its depocenter westward. This also implies that the Bitter Ridge Limestone lake was not a single , continuous lake system over the area of its entire outcrop belt. Unfortunately, this interpretation can only be put forward as a hypothesis at this time because of the uncertainties in the dates, but it is intriguing nonetheless. Our ongoing research seeks to better constrain this timing by dating ashes from within the Bitter Ridge Limestone using sanidine isochron ages only. The pervasive number of ashes in the region suggests that a very high-resolution, basin-scale stratigraphic architecture and evolution could be developed for the Bitter Ridge Limestone and Lovell Wash Members.
Several tectonic scenarios might explain our isotopic and lithofacies trends. First, faulting could have led to the formation of a topographic sill, preventing outfl ow from the lake. Second, the lake could have been tectonically partitioned into subbasins, effectively evolving from a single open lake system to a series of smaller, more restricted basins. Finally, the principal depo center (the deepest portion) of the lake could have shifted laterally, leaving the Slot Canyon locality in a more marginal and more evaporative position; this may have resulted from tectonic tilting. The upper units of the Bitter Ridge Limestone in the Lovell Wash area show local interfi ngering with conglomerates derived from the south (Çakir et al., 1998) , further suggesting that the basin margin lay a short distance to the south of the Slot Canyon section location. Geochronological data hint that the Bitter Ridge Limestone is time-transgressive from east to west, suggesting that deposition shifted laterally through time in this direction. Furthermore, the lateral continuity and lithological homogeneity of the Bitter Ridge Limestone across its outcrop belt suggest that the basin was not signifi cantly partitioned. As a result, we tentatively consider the last explanation to be the preferred hypothesis for the observed increase in isotopic correlation, but considerably more work must be completed to understand the tectonic evolution of this fossil lake basin before a defi nitive explanation can be achieved.
Implications of Isotopic Data on Paleoaltimetry
Horton and Chamberlain (2006) applied an oxygen isotopebased paleoaltimetry technique to analyze the topographic evolution of the central and southern Basin and Range. This technique is based on the Rayleigh distillation of oxygen isotopes in precipitation from air masses as they are lifted upward on mountain fronts Chamberlain, 2001, 2002) , where greater relief results in rainfall more depleted in 18 O. Meteoric waters in the rain shadow of this relief will record this depleted isotopic signal and pass this signal on to authigenic materials in the sedimentary record. Progressive depletion in 18 O over tectonic time scales implies an overall increase in elevation, whereas isotopic enrichment suggests decreasing elevation. Horton and Chamberlain (2006) applied this methodology throughout the Basin and Range to show that, to the north of the Lake Mead area, there had been a decline in elevation over the Miocene. In addition, they sampled authigenic carbonates from the Horse Spring Formation and suggested that, in the Lake Mead region, elevation increased over the same time period . This is a particularly interesting result, particularly given that the Lake Mead area is now the topographically lowest part of this region, implying that the area was initially uplifted, but then suffered a dramatic, post-Miocene collapse to its present-day lower elevation.
Our isotopic results from the lower (Thumb and Rainbow Gardens Members) and upper Horse Spring Formation (Bitter Ridge Limestone) mostly replicate Horton and Chamberlain's (2006) results (Fig. 12) . Our data show an even tighter distribution of oxygen isotopic values for all of the Horse Spring members (Fig. 12) . For the Thumb Member, the narrower range of oxygen isotopic values may partially refl ect the fact that we sampled only one, albeit quite thick, carbonate unit. We did not exhaustively sample authigenic carbonates from the entire Thumb section thickness in the Longwell Ridge area. Horton and Chamberlain (2006) collected fewer samples than this study but may have sampled from a greater thickness of the Thumb Member, which may explain the increased scatter in their data. Alternatively, the Thumb carbonates in the Frenchman Mountain area-where Horton and Chamberlain (2006) sampled-may have a wider isotopic range than in our fi eld area.
Isotopic data from the Rainbow Gardens Member also show a narrower range of δ
18
O values compared to those of Horton and Chamberlain (2006) (Fig. 12) . Our Rainbow Gardens data are statistically indistinguishable from Thumb Member limestones at both the 99% and 95% confi dence levels, whereas Horton and Chamberlain's (2006) show a mean value that is isotopically somewhat lighter. Our samples derive from a section that plots entirely within the Rainbow Gardens Limestone submember on the mapping of , but we did not sample thin limestone units from the underlying submember, the Rainbow Gardens Red Sandstone unit. If Horton and Chamberlain (2006) sampled these lower carbonates, and they were isotopically heavier than the overlying rocks of the Rainbow Gardens Limestone submember, this might explain their increased scatter. It is not possible to precisely locate Horton and Chamberlain's (2006) Rainbow Gardens samples, however, so it is diffi cult to reconcile our results.
We also show a far tighter range of oxygen isotopic values for the Bitter Ridge Limestone (Fig. 12) . We sampled the lower Bitter Ridge Limestone in two areas, so our sampling covers a broader spatial range than that sampled by Horton and Chamberlain (2006) . This should lead to increased scatter in our data. Some of the scatter in the Horton and Chamberlain (2006) data may be due to uncertainties in their sampling of Horse Spring Formation members in certain locations. They report sample localities for the Bitter Ridge Limestone that plot in known outcrops of Rainbow Gardens and Thumb age units based on current mapping . As a result of some of these uncertainties, we did not integrate our isotopic data with those of Horton and Chamberlain (2006) , and, instead, we plotted our data as an overlay on theirs (Fig. 12) .
Student's t-tests comparing our data with those of Horton and Chamberlain (2006) show no statistical difference between our results for both the Thumb and Bitter Ridge Limestone Members (Fig. 12) . Interestingly, their "Upper Rainbow Gardens" is statistically indistinguishable from our Thumb carbonates, whereas their "Lower Rainbow Gardens" is statistically distinct at the 99% confi dence level. We fi nd the distinction between a lower and upper Rainbow Gardens units to be geologically questionable, given that the Rainbow Gardens is the thinnest of all the units in the Horse Spring Formation, particularly in the Frenchman Mountain area where Horton and Chamberlain (2006) pursued their work. In addition, Beard (1996) has pointed out that the carbonate that caps the Rainbow Gardens Member may contain a signifi cant disconformity and that the upper portion of this carbonate may indeed be of Thumb age; this disconformity is present in the locality where Horton and Chamberlain (2006) sampled (Lamb et al., 2005) . If Horton and Chamberlain's (2006) Rainbow Gardens data are aggregated into a single unit, then the Rainbow Gardens unit is only slightly more enriched in 18 O than the overlying Thumb Member, yet they remain statistically distinct (Fig. 12) . If their Upper Rainbow Gardens Member data are aggregated with the Thumb Member, as would be suggested by Beard's (1996) fi ndings, a similar result is found. As mentioned previously, our Rainbow Gardens data are statistically indistinguishable from our Thumb Member data. This issue of stratigraphic uncertainty highlights the complex vertical, lateral, and chronostratigraphic variability across the entire outcrop belt of the Horse Spring Formation and demonstrates the need for more detailed studies of its stratigraphy and more careful integration of isotopic results into a stratigraphic framework.
With our new isotopic data overlain on those of Horton and Chamberlain (2006) (Fig. 12) , we fi nd that the oxygen isotopic differences between the Rainbow Gardens and Thumb Members are small, but they still (weakly) support Horton and Chamberlain's (2006) observation of progressive 18 O depletion through time. The far more signifi cant shift in isotopic ratios is between the Thumb and Bitter Ridge Limestone Members (Fig. 12) , where our data show almost no overlap and nearly a 4‰ negative shift in δ
O values. This suggests that, strictly following Horton and Chamberlain's (2006) reasoning, uplift was more signifi cant between Thumb and Bitter Ridge Limestone time than between Rainbow Gardens and Thumb time.
We can roughly constrain the timing of this shift. Lamb et al. (this volume) provide a date from ~10 m below the top of the East Longwell section of 15.52 Ma, suggesting a somewhat younger age for the top of this sequence. It cannot be younger than 14.85 Ma because Lamb et al. (this volume) show this age from an overlying tuff from the Thumb Member sandstone. This constrains the age of the top of the East Longwell limestone Horton and Chamberlain (2006) . Our data are shown as black box and whisker plots, whereas data from other sources (Horton and Chamberlain, 2006; Faulds, 2001; Poulson and John, 2003) are shown in gray. We have omitted the Horton and Chamberlain (2006) Lovell Wash Member data because they had only five data points from this unit. Hualapai Limestone data derive from Faulds et al. (2001) , and the box and whisker plot for the Bouse Formation is from Poulson and John (2003, as cited in Horton and Chamberlain, 2006 sequence between ca. 15.5 and 14.9 Ma. Our new date for the lower Bitter Ridge Limestone-that occurs 40 m above the base of the section-implies that the base of this unit is somewhat older than 14.32 Ma. As a result, the observed isotopic shift occurs over a 0.6-1.2 m.y. time range. Horton and Chamberlain (2006) compared their data from the Horse Spring Formation to those of Poulson and John (2003) for the lower Bouse Formation, a Miocene-Pliocene carbonate sequence that outcrops south of the Lake Mead region. The Bouse Formation showed signifi cantly heavier δ
O values than those of the upper Horse Spring Formation, suggesting that the region experienced surface down-drop between ca. 13 and 6 Ma (Fig. 12) . Faulds et al. (2001) provided oxygen isotopic data for the late Miocene Hualapai Limestone that bridges the temporal gap between the upper Horse Spring and the Bouse Formations (Fig. 12) . The Hualapai Limestone is defi nitively lacustrine in origin, whereas the depositional setting of the Bouse Formation has been interpreted as lacustrine (Poulson and John, 2003) to estuarine/marine (Lucchitta et al., 2001) . Furthermore, the Bouse Formation lies in the heart of the Colorado River extensional corridor, a somewhat different tectonic regime than in the Lake Mead region, whereas the Hualapai Limestone lies geographically closer and in a comparable tectonic regime to the Horse Spring Formation. The Hualapai Limestone overlaps the Bouse in age by ~2 m.y., and yet it began to be deposited shortly after deposition of the Bitter Ridge Limestone ceased. For these reasons, we believe that the Hualapai isotopic values provide a better comparison to the Bitter Ridge Limestone and other upper Horse Spring lacustrine carbonates than those of the Bouse Formation.
The Hualapai oxygen isotopic data are-with the exception of three outliers noted by Faulds et al. (2001) -nearly identical in their range to those of the Bitter Ridge Limestone (Fig. 12) . This implies that the large isotopic shift from the Horse Spring to the Bouse Formation noted by Horton and Chamberlain (2006) may either not be as abrupt or (if the environment of deposition and/or tectonic setting are markedly different from the Horse Spring) may not even be real.
All of these isotopic results provide a somewhat more nuanced picture of the evolution of surface elevation in the Lake Mead region than that painted by Horton and Chamberlain (2006) . Uplift may have continued throughout Horse Spring time, but was initially slow between Rainbow Gardens and Thumb time; uplift appears to have been greatest and most rapid between Thumb and Bitter Ridge Limestone time, followed by relatively low subsidence rates or no change in surface elevation at all between the deposition of the Bitter Ridge Limestone and the Hualapai Limestone (Fig. 12) .
Perhaps more importantly, the Lake Mead region is not currently a zone of high elevation, nor is there signifi cant evidence demonstrating that the area was signifi cantly topographically higher during the Miocene. Although it is possible that the area experienced 1.5 km of uplift over the 0.6-1.2 m.y. time frame suggested by our data, followed by more recent sub sidence (Horton and Chamberlain, 2006) , the Hualapai Limestone isotopic data argue against this (unless all of the subsidence occurred after Hualapai deposition). As a result, we believe that the observed 4‰ isotopic shift cannot be entirely explained by an increase in elevation due to magmatic activity as proposed by Horton and Chamberlain (2006) . Although magmatism was signifi cant during Horse Spring deposition (Beard, 1996) , the most signifi cant local episode of magmatism-the emplacement of the Wilson Ridge pluton and the River Mountains volcanic section immediately south of Lake Mead-occurred after deposition of the Bitter Ridge Limestone began, between 13.1 and 12.2 Ma (Honn and Smith, 2008) , signifi cantly postdating the observed isotopic shift. Furthermore, the magnitude and timing of the shift imply ~1-1.5 km of uplift in a very short time period, on the order of 0.6-1.2 m.y. However, the combined effects of regional magmatic activity, accelerated rates of extension, and the formation of basin and range topography in the path of incoming air masses might provide a more realistic picture that explains this large isotopic shift.
Use of oxygen isotopes to determine paleo-uplift is based on Rayleigh distillation of air masses as they are uplifted over topographic relief (Horton and Chamberlain, 2006; Chamberlain, 2001, 2002) . If this relief increases through time, so too does the degree of distillation and the depletion of the air masses in 18 O. However, distillation is also a function of distance that air masses travel (Hoefs, 1997) : the farther they travel, the more isotopically depleted they become. An evolving fl uvial/lacustrine depositional system like the Horse Spring Formation and Hualapai Limestone not only records the evolution of vertical relief, but evolution of horizontal extension. If the rate of extension increases, two important consequences follow: the distance that air masses must travel increases, and topographic corrugation, in the form of evolving basins and ranges, likely develops. Air masses that move into this region must travel further and likely cross multiple topographic barriers. In all, the region may not actually become elevated topographically. Indeed, subsidence could occur , only to be outweighed by the effects of increasing distance and the evolution of topographic corrugations.
As a result, we propose an alternative explanation for the results of Horton and Chamberlain (2006) . We cannot comment specifi cally on the isotopic data that they report for north of the Lake Mead region, which suggest an overall decrease in paleoelevation. However, it seems anomalous that much of the Basin and Range would be subsiding while only the Lake Mead region experienced uplift. Taking into account other data (Brady et al., 1996; McQuarrie and Wernicke, 2005; Wernicke et al., 1988) and the timing and rates of extension at the latitude of Las Vegas and Lake Mead, we infer that the Lake Mead region may have undergone limited uplift, but this was accompanied by high rates of extension and the development of basin and range topography that allowed air masses to become progressively more depleted in 18 O through time. In particular, the data suggest that this accelerated extension occurred between deposition of the Thumb and Bitter Ridge Limestone Members of the Horse Spring Formation at 13-15 Ma.
Extension that occurred during the Thumb to Bitter Ridge Limestone transition was characterized mainly by westward translation. Thumb Member-age units were deposited in the vicinity of Gold Butte, on the east side of the Overton Arm of Lake Mead (Duebendorfer et al., 1998; Fryxell and Duebendorfer, 2005; Beard, 1996) (Fig. 2) . The complete absence of Bitter Ridge Limestone units in the South Virgin Mountains and Gold Butte block suggests that they were deposited after westward translation began. The magnitude of this translation, at the time of deposition of the Bitter Ridge Limestone, is on the order of 30 km. This would be the local component of extension, but at the latitude of Lake Mead, the Thumb-Bitter Ridge Limestone time interval was also characterized by extension farther to the west in the Death Valley region (Wernicke et al., 1988) . As a result, it is possible that the magnitude of extension over this time interval was considerably greater than 30 km.
All of the 4‰ isotopic shift at the Thumb-Bitter Ridge Limestone boundary, however, cannot be entirely explained by extension and westward translation. The δ
O values of modern precipitation show 4‰ horizontal gradients that occur over distances on the order of 100-300 km (IAEA/WMO, 2006); therefore, it is necessary for extension and translation to be on this same scale if it is to be the sole explanation for the observed isotopic shift. However, if extension was accompanied by the forma tion of intervening mountain ranges (e.g., the Spring Mountains, Resting Springs Range, Funeral, Black, and Panamint Ranges), these would become positive topographic features that intercepted precipitation. Lamb et al. (this volume) support Beard's (1996) hypothesis that the Rainbow Gardens to Thumb transition represents a signifi cant change from relatively low to signifi cantly higher subsidence rates, signaling the onset of extension and the breakup of a broad Rainbow Gardens lake basin into smaller basins represented by the Thumb Member. The shift from predominantly silici clastic Thumb units to a mainly carbonate Bitter Ridge Limestone could represent a similarly signifi cant tectonic change.
Another explanation bears further consideration. The abrupt shift from fl uvio-lacustrine (Thumb Member) to lacustrine (Bitter Ridge Limestone) deposition and the similarly abrupt isotopic shift could effectively be explained by drainage re arrangement and the introduction of isotopically light fresh water sources from the Colorado Plateau. Carbonate and evaporite units somewhat younger than the Bitter Ridge Limestone-the Hualapai Limestone , an unnamed limestone north of Frenchman Mountain , and halite deposits (Faulds et al., 1997 -have been interpreted as being derived from springs or evolving drainage basins that emitted from the Colorado Plateau in the vicinity of the Grand Wash Cliffs . This interpretation suggests that a lowland in the Lake Mead region began to form during this time period. It is possible that the Bitter Ridge Limestone represents the earliest vestiges of this drainage rearrangement. Furthermore, the time scale of drainage capture and rearrangement is more in line with the time scale of the observed isotopic shift.
CONCLUSIONS
Carbonate rocks of the late Miocene Horse Spring Formation provide a rich resource for understanding both climate and tectonics of the Lake Mead region. The sedimentology and stratigraphy of these units have allowed us to develop a clearer picture of the geological evolution of this part of the Basin and Range, and our work suggests that further detailed studies of this type can only deepen this understanding. Furthermore, such studies may help to unravel the complex tectonic evolution of this region, which has spawned several competing tectonic models.
Our new age data suggest that the Bitter Ridge Limestone is time-transgressive, from east to west, and deposition began in the White Basin area and proceeded westward toward the Rainbow Gardens area. This most likely was due to tectonic tilting of the basin as it evolved and clearly demonstrates that a simple, "layercake" chronostratigraphic picture of the Horse Spring Formation is highly unlikely. Further dating of the numerous ashes in the Bitter Ridge Limestone, either by 40 Ar/
39
Ar or tephrochronological techniques, should produce a much more detailed record of the evolution of this basin.
Lithofacies and stable isotopic analyses have shed considerable light on the evolution of the Bitter Ridge Limestone lake system. It seems clear that, in the Slot Canyon area, the lake evolved from an open to a closed lake system over tectonic time scales, suggesting that, as tectonic topography evolved, the lake was either partitioned into smaller subbasins or the entire lake became progressively reduced in size due to the creation of a tectonic sill that prevented lake outfl ow. This is a hypothesis that requires further testing.
Perhaps more importantly, the Bitter Ridge Limestone provides one of the fi rst detailed paleoclimate proxy records for the late Miocene of the Basin and Range Province. This record clearly shows possible orbitally forced changes in oxygen isotopic proxy records on the 100 k.y. time scale and may, given higher-resolution sampling, contain a record of 40 k.y. orbital cycles . These isotopic variations are most likely linked to changes in the precipitation/evaporation ratio of the region. Lithofacies analysis supports the isotopic results because isotopically heavier time periods in lake chemistry are characterized by increased evidence of evaporation and subaerial exposure, in the form of more pervasive fenestral fabrics (Fig. 5) . Teepee structures are more coincident with wetter periods and may indicate times of groundwater resurgence after an intervening dry period.
Our oxygen isotopic data combined with data from the Hualapai Limestone (Faulds et al., 2001) , the Bouse Formation (Poulson and John, 2003) , and other data from the Horse Spring Formation (Horton and Chamberlain, 2006 ) provide a more detailed and better-substantiated picture of the evolution of paleotopography in the Lake Mead region. Our data generally replicate those of Horton and Chamberlain (2006) for the Horse Spring Formation, which they suggested indicate a general increase in elevation throughout Horse Spring time. By including the Hualapai Limestone data (which we argue is a better unit to represent the late Miocene than the Bouse Formation), it appears that there was a signifi cant negative shift in oxygen isotopic ratios between Thumb and Bitter Ridge Limestone time and that these values remained relatively constant or increased slightly between Bitter Ridge Limestone and Hualapai Limestone time (Fig. 12) . Whereas Horton and Chamberlain (2006) argued for a pulse of uplift associated with this isotopic shift, we believe that a better explanation for this shift toward isotopically lighter values is increased rates of extension and the creation of topographic corrugations. When considering that the 13-15 Ma period was characterized by rapid extension in this part of the Basin and Range (Wernicke et al., 1988; Brady et al., 1996; McQuarrie and Wernicke, 2005) and that this area is now the topographically lowest portion of this tectonic province, it seems that the isotopic data can be better explained by an increase in the distance air masses had to travel to arrive at the Bitter Ridge Lake system. As rates of extension increased, air masses had to travel farther and, perhaps, cross more extension-related topographic barriers-each of which may have been relatively low-resulting in greater isotopic distillation of the air masses and lighter isotopic values.
